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Hyper-Kamiokande Detector
 The Hyper-Kamiokande detector is the next generation water Cherenkov detector in Kamioka, 

Japan, with an accelerator and near detector complex at J-PARC in Tokai 
 Size: 258 kton, with fiducial mass ~8 times larger than Super-K, 
 Baseline: 20,000 50-cm photomultiplier tubes (PMT), ~2,000 multi-PMT modules and 7,200 

outer detector 8-cm PMTs with wavelength shifting (WLS) panels
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Far detector (Kamioka Observatory)

295 km

Accelerator,  
near detector 
and intermediate 
detector 
(J-PARC, Tokai)

Water Cherenkov detector at 750 m

• A new water Cherenkov detector will be constructed 750 
downstream the beamline.

• Multi-PMT module (collection of 3’’ PMTs) as photo-sensors.
• Moving upward/downward covering 1°-4° off-axis angles.

• Precise measurement of  difference thanks to the 
excellent   separation of the water Cherenkov detector.

νe/νμ
νe/νμ
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122 II.3 THE INTERMEDIATE WATER CHERENKOV DETECTOR

The conceptual design in Figure 62 shows parts of the IWCD facility, including the vertical pit,2462

water tank, lifting mechanism, bu↵er tank, water system, laboratory and a building for operation.2463

The PMT support frame, multi-PMT modules, and signal and power supply cables are installed2464

inside the water tank. The calibration system and part of water system will be put on the top of2465

the detector and move with the detector in the vertical shaft. The water level in the pit is kept2466

at the top of the water tank and the detector position is controlled by the buoyancy. Details of2467

the IWCD design constraints and technical design are documented in the IWCD Technical Design2468

Report (TDR). A summary of the design follows.2469

Off-axis angle (OAA)

~50mν

750 m

Target

1.0o

2.5o

4.0o

Reconstruction

Linear 
combination

Neutrino
beam center

FIG. 63. Experimental setup of intermediate water Cherenkov detector with concept for measurements at

di↵erent o↵-axis angles.

A. The IWCD Detector Structure2470

1. Detector Design2471

Figure 63 shows the experimental setup of the intermediate water Cherenkov detector (IWCD).2472

The instrumented detector is contained in a cylindrical tank of 8 m height and 10 m diameter made2473

of stainless steel. The tank is filled with Gd-loaded water for neutron tagging. The water tank is2474

optically separated by the PMT support frame and black sheet into the cylindrically shaped inner2475

detector (ID), with 6 m height and 8 m diameter, and the outer detector (OD), which surrounds2476

the ID with 1 m thick water layer in the barrel region and 2 m thickness in the endcap regions. The2477

diameter of the ID is determined to contain up to ⇠1 GeV muons generated in the fiducial volume2478

and to accumulate enough statistics for precise measurements. The height of the detector is limited2479

Ex-situ Gelling Status

• WUT group visit TRIUMF (last November) for intensive 2 week

work on ex-situ gelling and mPMT assembly.

• Good progress on knowledge transfer and optimizing procedure

• Setup of assembly site at WUT progressing well.

• Still occasionally see some air gaps on optical gel boundaries,

though seem to understand process.

8

Updated WUT gelling mold

PMT gelled at WUT

Fully active mPMT
assembled by TRIUMF
and WUTMulti-PMT module

Hyper-Kamiokande Project
 The Hyper-Kamiokande project includes a far detector, a neutrino beam, 

a near detector and an intermediate detector
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Solar n

Supernova n

Accelerator n

Hyper-Kamiokande (HyperK) is a multi-purpose Water-Cherenkov 
detector with a variety of scientific goals: 

Neutrino oscillations (atmospheric, accelerator and solar);  
Neutrino astrophysics; 
Proton decay; 
Non-standard physics. 

Hyper-Kamiokande: overview 

Proton decay

Atmospheric n

Low energy threshold combined with a very large fiducial volume 

Neutrino beam line at J-PARC

• Muon neutrinos are generated by charged pion decays in flight.
• Magnetic horn focuses on either positive or negative pions.
• On-axis detector: beam monitors of muons and neutrinos.
• Off-axis detector: far detectors (SuperK, HyperK). Near detector characterizing 

the -flux and the interactions before the oscillationν

22

Hyper-K

 Hyper-Kamiokande is both a microscope and a telescope
– Accelerator neutrinos
– Atmospheric neutrinos
– Solar neutrinos 

– Neutrino astrophysics:

– Proton decay:

Neutrino oscillation,  matter effects,  mass ordering, 
CP violation, sterile neutrinos, non-standard 
interactions

Supernova burst, pre-supernova neutrinos and 
supernova relic neutrinos

Beyond Standard Model, 
Grand Unified Theories: 
𝒑 → 𝒆!𝝅𝟎 and 𝒑 → %𝝂𝑲!

Solar n

Supernova n

Accelerator n

Hyper-Kamiokande (HyperK) is a multi-purpose Water-Cherenkov 
detector with a variety of scientific goals: 

Neutrino oscillations (atmospheric, accelerator and solar);  
Neutrino astrophysics; 
Proton decay; 
Non-standard physics. 

Hyper-Kamiokande: overview 

Proton decay

Atmospheric n

Low energy threshold combined with a very large fiducial volume 

Science goals Hyper-Kamiokande
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 Mixing between flavour states and mass states of neutrinos 

𝑼𝑷𝑴𝑵𝑺 =
𝒄𝟏𝟐 𝒔𝟏𝟐 𝟎
−𝒔𝟏𝟐 𝒄𝟏𝟐 𝟎
𝟎 𝟎 𝟏

𝟏 𝟎 𝟎
𝟎 𝒄𝟐𝟑 𝒔𝟐𝟑
𝟎 −𝒔𝟐𝟑 𝒄𝟐𝟑

𝒄𝟏𝟑 𝟎 𝒔𝟏𝟑𝒆*𝒊𝜹𝑪𝑷
𝟎 𝟏 𝟎

−𝒔𝟏𝟑𝒆𝒊𝜹𝑪𝑷 𝟎 𝒄𝟏𝟑

Solar, reactor 
neutrinos

Atmospheric, 
accelerator 
neutrinos

Reactor, accelerator  neutrinos

 Remaining questions: 
– CP violation phase: 𝜹𝑪𝑷 (matter-antimatter)
– Mass ordering: sign of 𝜟𝒎𝟏𝟑

𝟐

– Is 𝜽𝟐𝟑 maximal?

𝒄𝒊𝒋 = 𝐜𝐨𝐬𝜽𝒊𝒋, 𝒔𝒊𝒋 = 𝐬𝐢𝐧𝜽𝒊𝒋

Neutrino oscillations

5
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Neutrino beam line at J-PARC

• Muon neutrinos are generated by charged pion decays in flight.
• Magnetic horn focuses on either positive or negative pions.
• On-axis detector: beam monitors of muons and neutrinos.
• Off-axis detector: far detectors (SuperK, HyperK). Near detector characterizing 

the -flux and the interactions before the oscillationν

22

Hyper-K

 Off-axis at 2.5o neutrino beam to achieve maximum neutrino flux at oscillation 
maximum of 0.6 GeV, beam upgrade from 515 kW to 1.3 MW
– Power supply upgrade: 250 kA ➞ 320 kA; 
– Cycle: 2.48 s ➞ 1.32 s ➞ 1.16 s/cycle

 Upgrade of ND280: October 2023
– New Super-Fine Grained Detector (SFGD)
– High-Angle TPC and Time-of-Flight system

Neutrino oscillations in Hyper-K with neutrino beam

 New Intermediate Water Cherenkov Detector (IWCD): 

6 m

8 m

1o- 4o

Uses PRISM approach: 
change off-axis angle 1o – 4o 
to change mean neutrino 
energy and constrain:  

𝜎(𝜈-)/𝜎(𝜈.)
𝜎(�̅�-)/𝜎(�̅�.) 6
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 Atmospheric neutrinos measure direction of cosmic rays 
and are sensitive to mass ordering (MO)

 Enhancement of 𝑃(𝜈. ⟶ 𝜈-) for NO and 𝑃(�̅�. ⟶ �̅�-) for IO 

Atmospheric neutrino oscillation

𝑃(𝜈. ⟶ 𝜈-) for NO 𝑃(�̅�. ⟶ �̅�-) for NO 

Matter effect

Super-K, Phys. Rev. D 97, 072001
2-10 GeV



9

 Sensitivity CP violation with 1:3 𝜈: 𝜈 beam with atmospherics, with and without MO

CP violation sensitivity with atmospherics
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 After 10-year operation, mass ordering can be determined with 4s - 5s

Mass ordering sensitivity with beam and atmospherics

230 III.1 NEUTRINO OSCILLATION
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FIG. 149. Neutrino mass hierarchy sensitivity (left) and octant sensitivity (right) as a function of the true

value of sin2✓23 for a single detector after 10 years. (a 1.9 Mton·year exposure). In both figures the blue

(red) band denotes the normal (inverted) hierarchy and the uncertainty from �CP is shown by the width of

the band.

ability to resolve the ✓23 octant improves with the combination as shown in Figure 151. While

atmospheric neutrinos alone can resolve the octant at 3 � if |✓23�45| > 4�, in the combined analysis

it can be resolved when this di↵erence is only 2.3� in ten years.
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FIG. 150. Expected sensitivity to the mass hierarchy as a function of time assuming sin2 ✓23 = 0.4

(triangle), 0.5 (circle), and 0.6 (square) from a combined analysis of atmospheric and accelerator neutrinos

data at Hyper-K. Blue (red) colors denote the normal (inverted) hierarchy.

However, it is not just the atmospheric neutrinos that benefit from combined measurements.
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Inverted ordering
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 Solar neutrino oscillations are enhanced by matter (MSW) effects as 
function of energy - 𝑃(𝜈- → 𝜈-) falls with energy

Solar neutrinos

Page 10 of 16 Eur. Phys. J. A (2016) 52: 87

|mN | ! 10−10 eV (inverted ordering) [62, 63]. The bound
corresponds to the maximal active sterile mixing and
∆m2

as ≈ 2mDmN = (10−11–10−9) eV2.

4.1.2 ∆m2
as ! ∆m2

21

Originally, this possibility has been motivated by rela-
tively low Ar production rate in the Homestake exper-
iment and absense of spectral upturn [64, 65]. An extra
sterile state has been added to the three active ones,
νf = (νs, νe, νµ, ντ )T , and correspondingly, new mass state
ν0: νm = (ν0, ν1, ν2, ν3)T . The 4 × 4 mixing matrix is
parametrized as U = UPMNS U01(α) [64]. The value of new
mixing angle is assumed to be very small: sin2 2α ∼ 10−3

and the new mass splitting equals ∆m2
01 ∼ 0.2∆m2

21 eV2.
The diagonal matrix of the matter potentials in the flavor
basis is V = diag(0, Ve + Vn, Vn, Vn).

In such a model, the neutrinos propagating inside the
Sun encounter two resonances: one is associated with the
1-2 mass splitting, as in the standard case, and another
one with the 0-1 mass splitting. With parameters α and
∆m2

01 defined above the new resonance modifies the sur-
vival probability leading to the dip at the intermediate
energies, E ∼ 3MeV, thus suppressing the upturn (see
fig. 5). This alleviates the tension between solar and Kam-
LAND data.

4.1.3 ∆m2
as $ ∆m2

21

In this limit (see refs. [66, 67] for latest discussions) all
the ∆m2

ij other than ∆m2
21 can be assumed to be infinite,

and in certain propagation basis the neutrino evolution is
described by the sum of H(2)

lma in eq. (41) and

H(2)
np =

√
2GF

nn

4

(
−ξD ξNe−iδ12

ξNeiδ12 ξD

)
, (43)

where ξD, ξN are combinations of the mixing matrix
elements Uαi (explicit expressions can be found in ap-
pendix C of ref. [67]).

The new physics term (43) proportional to Vn, is in-
duced by the decoupling of heavy neutrino states. In gen-
eral, the matter term (43) and the usual one with Ve do
not commute with each other as well as with the vacuum
term. The phase δ12 appearing in H(2)

np originates from
the phases of the general (3 + n) mixing matrix, and it
cannot be eliminated by a redefinition of the fields. This
phase does not produce CP-violation asymmetry but af-
fects neutrino propagation in matter.

The relevant conversion probabilities can be written as

Pee = C̃e − η2
eP (2)

osc ,

Pae = C̃a − ηe

(
ξDP (2)

osc + ξNP (2)
int

)
,

(44)

where P (2)
osc ≡ |S(2)

21 |2 and P (2)
int ≡ Re(S(2)

11 S(2)$
21 ) and the

matrix S(2) is the solution of the evolution equation with
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Fig. 5. Impact of new physics on solar neutrino survival prob-
ability. We fix sin2 θ13 = 0.022. We plot standard oscillations
(sin2 θ12 = 0.31, ∆m2

21 = 7.5 × 10−5 eV2), one extra sterile
neutrino (sin2 θ12 = 0.31, ∆m2

21 = 7.5 × 10−5 eV2, sin2 2α =
0.005, ∆m2

01 = 1.2 × 10−5 eV2) and non-standard interac-
tions with up-type (sin2 θ12 = 0.30, ∆m2

21 = 7.25 × 10−5 eV2,
εu

D = −0.22, εu
N = −0.30) and down-type (sin2 θ12 = 0.32,

∆m2
21 = 7.35 × 10−5 eV2, εd

D = −0.12, εd
N = −0.16) quarks.

See text for details. We use abbreviations “Brx” for Borexino
and “KL” for KamLAND.

the effective Hamiltonian H(2). The coefficients C̃e, C̃a,
and ηe are functions of Uαi [67]. The formulas (44) are
valid for any number of sterile neutrinos. Sterile neutrinos
affect the oscillation probabilities in two different ways:

1) the mixing of νe with the “heavy” states leads to a
suppression of the energy-dependent part of the con-
version probabilities, in analogy with θ13 effects in the
standard case;

2) the mixing of the sterile states with ν1,2 leads to overall
disappearance of active neutrinos, so that Pee + Pµe +
Pτe (= 1.

Phenomenologically, the most relevant effect is the sec-
ond one, since the precise NC measurement performed by
SNO confirms that the total flux of active neutrinos from
the Sun is compatible with the expectations of the Stan-
dard Solar Model. Hence the fraction of sterile neutrinos
which can be produced in solar neutrino oscillations is
limited by the precision of the solar flux predictions, in
particular of the Boron flux. An updated fit of the solar
and KamLAND data in the context of (3+1) oscillations,
with the simplifying assumption Ue3 = Ue4 = 0, yields
|Us1|2 + |Us2|2 < 0.1 at the 95% CL.

Concerning the first effect, the mixing of νe with
“heavy” eigenstates has similar implications as in the stan-
dard case except that now there are “more” heavy states.
This allows to put a bound on ηe which is very similar to
the one on |Ue3|2 in 3ν one, but instead of being inter-
preted as a bound on |Ue3|2 it becomes a bound on the
sum

∑
i≥3 |Uei|2. For example, for (3+1) models a bound

|Ue3|2 + |Ue4|2 < 0.077 at 95% CL can be derived from
the analysis of solar and KamLAND data, as shown in
ref. [67]. Additional bounds have been obtained by Borex-
ino [68].

Vacuum-
dominant 
oscillation

MSW effect

Model-dependent 
upturn unconstrained

Eur. Phys. J. A 52, 87 (2016) 
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268 III.3 NEUTRINO ASTROPHYSICS AND GEOPHYSICS

distance to a supernova. At the Hyper-Kamiokande detector, we expect to see about 50,000 to
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FIG. 178. Expected number of supernova burst events for each interaction as a function of the distance

to a supernova with 1 tank. The band of each line shows the possible variation due to the assumption of

neutrino oscillations.

75,000 inverse beta decay events, 3,400 to 3,600 ⌫e-scattering events, 80 to 7,900 ⌫e+16O CC events,

and 660 to 5,900 ⌫̄e + 16O CC events, in total 54,000 to 90,000 events, for a 10 kpc supernova. The

range of each of these numbers covers possible variations due to the neutrino oscillation scenario

(no oscillation, N.H., or I.H.). Even for a supernova at M31 (Andromeda Galaxy), about 10 to 16

events are expected at Hyper-K. In the case of the Large Magellanic Cloud (LMC) where SN1987a

was located, about 2,200 to 3,600 events are expected.

The observation of supernova burst neutrino and the directional information can provide an

early warning for electromagnetic observation experiments, e.g. optical and x-ray telescopes. Fig-

ure 179 shows expected angular distributions with respect to the direction of the supernova for four

visible energy ranges. The inverse beta decay events have a nearly isotropic angular distribution.

On the other hand, ⌫e-scattering events have a strong peak in the direction coming from the

supernova. Since the visible energy of ⌫e-scattering events are lower than the inverse beta decay

events, the angular distributions for lower energy events show more enhanced peaks. The direction

of a supernova at 10 kpc can be reconstructed with an accuracy of about 1 to 1.3 degrees with

Hyper-K, assuming the performance of event direction reconstruction similar to Super-K [252].

This pointing accuracy will be precise enough for the multi-messenger measurement of supernova

Supernova neutrinos in Hyper-Kamiokande
 Hyper-Kamiokande is sensitive to neutrinos from pre-supernova, core-collapse  

supernova bursts and from integrated relic supernova neutrino background
 Pre-supernova: Si burning ~2 days before core collapse, e.g. for 20 𝑴⨀, enhanced  

if Hyper-K loaded with Gd

MNRAS,461, 3296 (2016) arXiv:1602.03028 

arXiv:1805.04163

§ Betelgeuse: ~108 events
§ Expect ~50k-90k events at 

10 kpc  (galactic centre)
§ Large Magellanic Cloud at 

50 kpc: 3000 events
§ Andromeda (M31) at     

780 kpc: ~10 events

Inverse 
beta decay 
dominant 
channel

2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M� progenitor. The solid lines are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or
rough speculations. The left (right) panel x-axis shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the
core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating during our simulation and the blue shaded
area presents the region between the two straight lines fitting the high and low peaks during 3 – 5 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NO⌫A (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is di�cult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought to

MNRAS 000, 1–21 (2016)

Time sequence 17 𝑴⨀ supernova

Multi-messenger astronomy
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Supernova Relic Neutrinos (SRN)
 Hyper-Kamiokande has sensitivity to integrated relic neutrino background: diffuse 

neutrinos coming from all past supernovae (window between 16-30 MeV)
276 III.3 NEUTRINO ASTROPHYSICS AND GEOPHYSICS
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For example, Eta Carinae at 2.3 kpc is an interesting candidate that showed violent mass eruptions

in the past. If a real supernova occurs and the ejecta collides with the circumstellar material

shell with ⇠ 10M�, one may expect ⇠ 300 events with Hyper-K. However, because of the long

duration (from months to years), the signal can overwhelm the background only at early times and

su�ciently high energies.

High-energy neutrinos from supernovae are detectable hours to months after the core-collapse,

and detecting the signals will give us new insights into supernova physics, such as how collisionless

shocks are formed and CR acceleration starts, as well as the connection to supernova remnants as

the origin of Galactic CRs. We may be able to see the time evolution of multi-energy neutrino

emission from the core-collapse to shock breakout and following interactions with the circumstellar

material.

3. Supernova relic neutrinos

The neutrinos produced by all of the supernova explosions since the beginning of the universe

are called supernova relic neutrinos (SRN) or di↵use supernova neutrino background (DSNB). They

must fill the present universe and their flux is estimated to be a few tens/cm2/sec. If we can detect

these neutrinos, it is possible to explore the history of how heavy elements have been synthesized

since the onset of stellar formation.

A Supernova 279
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Neutron tagging were applied for right figure, with the tagging e�ciency of 67% and the pre-gamma cut for

invisible muon background reduction. The black dots show the sum of the signal and the total background,

while the red shows the total background. Green and blue show background contributions from the invisible

muon and ⌫e components of atmospheric neutrinos. The SRN flux prediction in [296] is applied.
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then de-excite by emitting 8MeV gamma cascades. The time correlation of about 30µsec between

the positron and the Gd(n,�)Gd cascade signals, and the vertex correlation within about 50 cm are

strong indicators of a real inverse beta event. Requiring both correlations (as well as requiring the

prompt event to be Cherenkov-like and the delayed event to be isotropic) can be used to reduce

background of spallation products by many orders of magnitude while also reducing invisible muon

backgrounds by about a factor of 5. The expected number of SRN events in the energy range of
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Proton decay
 Proton decay is evidence of Beyond Standard Model (BSM) and Grand Unified Theories (GUT)
 Examples of proton decay sensitivity in two modes:

𝒑 → 𝒆!𝝅𝟎 𝒑 → %𝝂𝑲!

Only realistic chance of achieving 𝝉(𝒑 → 𝒆"𝝅𝟎) > 𝟏𝟎𝟑𝟓 years

Nucleon decays
• Direct evidence of Grand Unified Theory (GUT).
• World best sensitivity for many decay modes.

‣ Including flagship modes:  and .

• Larger water Cherenkov detector experiment is the unique solution for 
 years.

‣ A key to determine the GUT scale without spares.

p → e+π0 p → ν̄K+

τ(p → e+π0) > 1035
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Overview of Hyper-K construction

Hyper-Kamiokande Schedule and Civil Engineering
 Scheduled start of data-taking: 2027

Access tunnels completed
Commenced cavern excavation
Civil engineering on track
Centre of dome reached June 2022
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Hyper-Kamiokande Schedule and Civil Engineering
 Cavern excavation First ring 2nd - 4th rings 5th - 6th rings

Cavern dome constructed   
in consecutive rings.
1st – 4th rings complete and 
working on 5th ring
Excavation of dome on track
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Hyper-Kamiokande Photomultiplier Tubes
 20,000 Hamamatsu 20-inch box-and-line PMTs
 PMT production and quality assurance started

 ~2,000 multi-PMT modules (19 3-inch PMTs) 
for better vertex resolution performance

 ~7,200 Outer Detector 3-inch PMTs with 
wavelength shifting panels to veto cosmics

17 Ongoing studies to reduce number, by 
using Inner Detector reconstruction
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Hyper-Kamiokande Electronics
 Front-end electronics placed in underwater vessels
 Two types of underwater electronics vessels 

– Inner detector vessels: 24 ID channels read out by two PCBs 
– Hybrid outer + inner detector vessels: 20 ID + 12 OD channels

Preliminary

2 ID front-end boards
2 OD front-end boards

HV and LV  
power supplies

Data processing and timing boards

ID 12-channel 
front-end board

OD 6-channel FE board
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Conclusions
 Hyper-Kamiokande is next generation water Cherenkov detector 
 Hyper-K will produce world-leading results in:

– Neutrino oscillations: search for CP violation (5s sensitivity in 60% dCP) and 
determination of mass ordering

– Solar and atmospheric neutrinos
– Searches for supernova bursts and supernova relic neutrinos 
– World-leading proton decay search with expected lifetime sensitivity > 10#$ years

 Hyper-Kamiokande construction on schedule
– World’s largest underground facility: 260 kton water Cherenkov detector
– Access tunnel and cavern construction on track
– Photomultiplier production underway
– Electronics and underwater electronics vessel designs being finalised
– Neutrino beam upgrade to 1.3 MW
– Near detector upgrade and design of intermediate detector being finalised
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BACKUP
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 Three-flavour oscillation formula for Hyper-K analysis:
𝑃:#:$ ;:#;:$

= sin< θ<=
sin< 2θ>=
𝐴 − 1 < sin

< 𝐴 − 1 Δ=>

∓ α
𝐽? sin δ/0
𝐴 1 − 𝐴

sin Δ=> sin 𝐴Δ=> sin 1 − 𝐴 Δ=>

+ α
𝐽? cos δ/0
𝐴 1 − 𝐴

cos Δ=> sin 𝐴Δ=> sin 1 − 𝐴 Δ=>

+ α< cos< 𝜃<=
sin< 2θ><

𝐴<
sin< 𝐴Δ=>

α = Δ𝑚<>
< /Δ𝑚=>

<

Δ@A = Δ𝑚@A
< 𝐿/4𝐸

𝐴 = − 2 2𝐺B𝑛-𝐸/Δ𝑚=>
<

𝐽? = sin 2 θ>< sin 2 θ>= sin 2 θ<= cos θ>=

assuming:

Neutrino oscillations

Matter enhances neutrino 
oscillations due to neutrino 
interactions 

Parameter A depends 
on matter density ne
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Neutrino beam line at J-PARC

• Muon neutrinos are generated by charged pion decays in flight.
• Magnetic horn focuses on either positive or negative pions.
• On-axis detector: beam monitors of muons and neutrinos.
• Off-axis detector: far detectors (SuperK, HyperK). Near detector characterizing 

the -flux and the interactions before the oscillationν

22

Hyper-K
 Off-axis at 2.5o neutrino beam to achieve maximum neutrino flux at oscillation 

maximum of 0.6 GeV

Accelerator neutrino oscillation experiment

• CP-symmetry tested with -beam and -beam enabled by the polarity of the 
focusing magnets.

• 2.5° off-axis arrangement focuses the neutrinos on the osc. maximum at 0.6 GeV.

• Degeneracy between the  phase and the mass ordering in the beam neutrino.
‣ Need  with various travel lengths and energies → atmospheric ν data

ν ν̄

δCP
νμ → νe
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-fluxν -fluxν̄
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 Degeneracy between dCP and mass ordering

Can use atmospheric 
neutrinos to break 
degeneracy

Neutrino oscillations in Hyper-K with neutrino beam
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6 m

8 m

1o- 4o

 Neutrino beam at J-PARC being upgraded for T2K and for Hyper-K era, 
from 515 kW to 1.3 MW
– Power supply upgrade: 250 kA ➞ 320 kA; 
– Cycle: 2.48 s ➞ 1.32 s ➞ 1.16 s/cycle

 Upgrade of ND280: October 2023
– New Super-Fine Grained Detector (SFGD)
– High-Angle TPC and Time-of-Flight system

 New Intermediate Water Cherenkov Detector (IWCD): 

Uses PRISM approach: 
change off-axis angle 1o – 4o 
to change mean neutrino 
energy and constrain:  

𝜎(𝜈-)/𝜎(𝜈.)
𝜎(�̅�-)/𝜎(�̅�.)

J-PARC beam, near detector and IWCD

23 



24

Neutrino oscillation sensitivity in Hyper-K
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 Accuracy Δ𝑚=<
< and wrong octant sin< 𝜃<= sensitivity with improved systematics

 After 10 HK-years, sin2θ23=0.5 can be excluded at 3 sigma for true sin2θ23 < 0.47 
and true sin2θ23 > 0.55
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C Solar neutrinos 239

of the Sun. Hyper-K, with its unprecedented statistical power, could measure the solar neutrino

flux over short time periods. Therefore, short time variability of the temperature in the solar core

could be monitored by the solar neutrinos in Hyper-K.
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FIG. 156. Allowed neutrino oscillation parameter region from all the solar neutrino experiments (green),

reactor neutrino from KamLAND (blue) and combined (red) from one to five sigma lines and three sigma

filled area. The star shows the best fit parameter from the solar neutrinos. The contour of the expected

day-night asymmetry with 6.5 MeV (in kinetic energy) energy threshold is overlaid.

1. Background estimation

The major background sources for the 8B solar neutrino measurements are the radioactive

spallation products created by cosmic-ray muons [219] and the radioactive daughter isotopes of

222Rn in water. The spallation products is discussed in detail in the paragraph II.4 A 3 3.2, and the

rate of spallation which result in relevant backgrounds is 2.7 times higher in Hyper-K compared to

Super-K because of its shallow depth. As the radioactive daughter isotopes, 222Rn is an important

background source for the spectrum upturn measurement. First of all, the water purification system

must achieve 222Rn levels similar to that achieved at Super-K. Furthermore, this background level

must be achieved across the full fiducial volume, unlike at Super-K, where only a limited volume
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FIG. 159. Expected solar neutrino fluxes with neutrino oscillation in Hyper-K. The horizontal axis is the

energy threshold in electron total energy and the vertical axis is expected event rate in the energy range

from the threshold up to 25MeV in 10-year observation in Hyper-K. BP2004 SSM fluxes are assumed. The

e↵ect of background events, reduction e�ciencies, systematic uncertainties are not considered.

8B solar neutrinos comparing to SK-III/IV.

Figure 160 shows an estimation of hep neutrino detection sensitivity. A spectrum fit analy-

sis is performed here, considering the spallation background, detection e�ciency and systematic

uncertainties of the energy scale and resolution. The statistical error due to remaining spallation

background is the dominant source of ambiguity. When we simply scale the current remaining

spallation background level in SK-IV solar analysis, with the cosmic muon rate at Tochibora, the

uncertainty of the hep neutrino flux will be ⇠60% (⇠40%) and the non-zero significance will be

1.8� (2.3�) in ten (twenty) years observation in Hyper-K. Due to the higher energy resolution of

Hyper-K, there is still chance to improve the sensitivity. If we can reduce the remaining spallation

background to the SK-IV level, the uncertainty of hep neutrino flux will be ⇠40% (⇠30%) and

non-zero significance will be improved to 2.5� (3.2�) in ten (twenty) years observation. Here the

same systematic uncertainties of detector energy scale (0.5 %) and resolution (0.6 %) as SK-IV are

considered.

 Observation of HEP 
neutrinos above 8B 
neutrinos

HEP neutrinos: only solar 
neutrino process that remains 
to be discovered

Day-night asymmetry with:
𝚫𝒎𝟐𝟏

𝟐 = 𝟕. 𝟓𝟒×𝟏𝟎(𝟓 𝐞𝐕𝟐(reactor)

5s
Day-night

Solar 
neutrino 
contours

KamLAND
reactor
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Supernova neutrinos in Hyper-Kamiokande

 Supernova model discrimination 
with Hyper-Kamiokande: five 
supernova models were considered 

K. Abe et al., Ap. J. 916 15 (2021)

Event rate vs Time Mean energy vs Time
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Pre-Supernova Neutrinos
In advance of a SN burst, neutrinos of all types are emitted 
by the progenitor star. 
If detected, they can serve as an early warning
for the burst

A significant fraction of the signal is above threshold for IBD.

The last stage of these stars before the core-
collapse is the Si-burning
Neutrinos emitted at the Si-burning stage 
have an average energy of 1.85 MeV Energy released by each pre-Supernova phase

Pre-supernova neutrinos
 Pre-supernova anti-neutrinos are from final stages of stellar burning
 Last stage before core collapse is Si burning

L. Machado et al.,      
Ap. J. 936 40 (2022)

Super-K has loaded Gd in 
water to detect neutrons 
more efficiently

Pre-Supernova alarm in 
Super-K with 0.01% Gd in 
water for early warning Could consider loading 

Gd also in Hyper-K to 
enhance pre-SN signal
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Hyper-Kamiokande Detector Layout
 Layout detectors on inner frame: interleaving of components


